Aphidicolin inhibits adenovirus DNA replication in HeLa cells and in a cell-free,infected,nuclear extract in which viral DNA is elongated. The compound inhibits o DNA polymerase,extensively purified from HeLa cells, but has little or no effect on the B or y DNA polymerases similarly purified. Aphidicolin does not affect thymidine uptake by cells nor does it break preformed DNA. The drug is not selective against viral DNA synthesis as it also inhibits DNA replication in uninfected cells. The inhibition by aphidicolin is reversible if the drug is removed within 18 hrs after addition to HeLa or Chinese Hamster ovary cells but the cells are irreversibly affected if the drug remains for 48 hours.
INTRODUCTION
Aphidicolin is a tetracyclic diterpenoid elaborated by the fungus Cephalosporium aphidicola. This antibiotic which is poorly soluble in water, has been shown to inhibit the growth of herpes simplex and vaccinia viruses most likely by inhibiting DNA synthesis (1) . While our present studies were in progress, it was reported that aphidicolin inhibits an a DNA polymerase-like activity in extracts of regenerating rat liver, HeLa cells, and in sea urchin embryos (2, 3, 4) . Mitosis but not meiosis of the sea urchin embryos was inhibited.
The present report demonstrates that aphidicolin inhibits HeLa cell and Chinese hamster ovary cell (CHO) growth but the effect is reversible upon washout of the drug up to 18 hours after addition. If removal of the drug is delayed for 48 hrs, cell viability is severely compromised. Aphidicolin acts directly on DNA synthesis and does not affect the entry of thymidine into the cell or the integrity of preformed DNA. Neither protein nor RNA synthesis is inhibited in drug treated cells. Extensive purification of HeLa cell a, 3 and y DNA polymerases from nuclei showed that the a enzyme was markedly inhibited with little or no inhibition of the other two enzymes. The synthesis of adenovirus DNA, both in whole cells and in a nuclear extract DNA replication system (5) , was inhibited to the same extent as the a DNA polymerase; however, uninfected HeLa cell DNA synthesis was more extensively inhibited. The inhibition of a DNA polymerase by aphidicolin appears to be very rapid without any measurable lag period.
MATERIALS and METHODS
Cells and Viruses: The sources of HeLa cells (S3) and adenovirus type 2 (Ad2) have been previously described (6) . The cells were grown in suspension culture in Eagle's minimum essential medium (MEM) supplemented with 5% fetal calf serum and 1% glutamine. When infected cells were used, 4000 purified virions per cell were added to suspension cultures at 37°. The infected-cell, soluble, nuclear extracts which continue to synthesize Ad2 DNA were prepared at 18 hrs post infection by the method of Kaplan et al (5) and were free of host cell DNA.
Chinese hamster ovary cells (CHO) were obtained from Pamela Stanley of the Albert Einstein College of Medicine and were grown on alpha medium with added deoxynucleotides and 10% fetal calf serum. These cells were maintained either in monolayer or in suspension cultures.
DNA Polymerase Assays: Reaction mixtures A (0.05ml) contained 50mM
Tris-HCl pH 7.9 (at 30°), 4mM dithiothreitol (DTT), 7.5mM MgClj, 0.04mM each of dATP, dGTP, and dCTP, 0.04mM { 3 H} TTP (400-600 cpm/pmol), 20pg bovine serum albumin (BSA), and lOpg of nicked salmon sperm (NSS) DNA.
Reaction mixtures B (0.05ml) were identical to reaction mixture A except that they contained 2.5mM MnCl2 in place of the MgCl2, and 4ug poly(rA)-oligo(dT),. no replaced the NSS DNA.
For assays of column eluates, Reaction mixture B contained lOOmM NaCl;
both Reaction A and B were performed for 20 min at 30 and terminated by the addition of 2ml of 5% TCA, 0.1ml of 0.2M sodium pyrophosphate (NaPPi) and lOOyg of denatured calf thymus DNA. TCA precipitated material was collected on glass fiber filters, washed with 1% TCA, 95% ethanol and the radioactivity was counted. 1 unit of DNA polymerase catalyzed the incorporation of 1 pmol of dTMP at 30° during a 20 min incubation.
Specific activity refers to units per mg of protein. The protein was measured as described by Heil and Zillig (7) .
The reaction times were varied as indicated with individual experiments but the kinetics of incorporation were linear in each case. NaCl (lOOmM) was added to some reaction mixtures which used NSS and omitted from some experiments utilizing poly(rA)•oligotdT). Each of these variations is described either in the figure legend or in the RESULTS.
Purification of HeLa Cell DNA Polymerases: The a, 8 and y DNA polymerases were purified from nuclear extracts of 8x10 HeLa cells, which were prepared by lysing the cells with detergent and extracting the nuclei with ammonium sulfate by a modification of methods previously described (5) . The nuclei resuspended as described were further diluted to 50ml of 30mM Tris-HCl (pH 7.7, 4°), 2.5mM EDTA, 0.15M (NH 4 ) 2 SO 4 , 2mM DTT, 5% sucrose and incubated for 90 sec at 37° followed by 2 min at 0°b efore centrifugation at 40,000 rpm for 20 min in the Beckman type 40 rotor. The supernate (Step I, Table I ) was diluted with 2 vols. of 50mM Tris-HCl (pH 7.7), lmM EDTA, 2mM DTT, and 5% sucrose before the dropwise addition of 20% streptomycin sulfate to a final concentration of 1.5%. The suspension was stirred for 20 min at 0°. The precipitate was removed Step II).
The
Step II product was adjusted to 5 to 6mg/ml protein with buffer A containing 0.1M KC1. The sample was loaded onto a phosphocellulose column (100ml, 2.5cm diameter) which was eluted with a 1 L linear gradient of 0.1M to 0.6M KC1 in buffer A. The fractions which eluted at 0.25-0.35M KC1 were more active on NSS DNA (peak A) and those eluting between 0.37-0.45M KC1 were more active on poly(rA)-oligotdT). Peak A fractions and peak B fractions were pooled separately and the enzymes were precipitated with 75% saturated (NH 4 ) 2 SO4. The precipitates were resuspended in 2ml of buffer A and dialyzed against 500ml of buffer A with 50mM KC1 which was changed often until the salt concentrations was reduced below 50mM (Step III, A and B) .
The A and B fractions from the phosphocellulose column (Step III) were applied to separate DEAE-52 cellulose columns (5ml, 1.2cm diameter) equilibrated with buffer A containing 50mM KC1. The columns were washed with 15ml of 50mM KC1 in buffer A and then eluted with 10ml of 0.2M KC1 in Buffer A. One ml fractions were collected from the column. The DNA polymerases eluted in the 0.2M KC1 fractions of each DEAE column were pooled separately (Step IV, A and B). However, the DNA polymerase in the pass-through and 50mM KC1 fractions of both columns were pooled and combined ( Step IV, C) .
The DEAE cellulose peak A and B product (Step IV) were dialyzed for 4 hr against 8 changes of a 250-fold volume of buffer B (5mM potassium phosphate buffer{KPO 4 ) pH 7.5 at 4°, O.lmM EDTA, 2mM DTT, 0.4M KC1, 20% glycerol) and each was applied to a hydroxyapatite column (4ml, 1.2cm diameter) equilibrated with buffer B. DNA polymerases were eluted with a 50ml linear gradient of 5 -l OOmM KPO 4 in buffer B and 0.5ml fractions were collected. From each of the A and B peaks in Step IV, two distinct DNA polymerase activities were separated by elution at 17 -28mM KPO 4 and 35 -SOmM KPO 4 . The first DNA polymerase fractions (17-28mM KPO 4 ) from either Step IV, A or B,were most active on poly(rA) -oligo(dT) and were combined (Step V, peak 1). The latter fractions eluting at 35-50mM
KPO4 from
Step IV, A and B, were most active on NSS DNA and were combined (Step V, peak 2) .
Step and also active on NSS DNA was eluted at 0.3-0.4M KC1 and pooled (Step VI).
Step V, peak 1 product was dialyzed against 500ml of buffer A containing 50mM KC1 which was changed often until the salt concentration was Step VIII -DNA polymerase B). Table I summarizes the steps and recoveries of the 3 DNA polymerases at various stages of the purification. Table II summarizes the properties of the 3 DNA polymerases in terms of primer-template specificity, salt sensitivity and inhibition by NEM.
MATERIALS
Aphidicolin was obtained from the National Cancer Institute and dissolved in dimethyl sulfoxide (DMSO) to make a lOmM stock solution.
The final concentration of DMSO in each experiment was less than 1% and 
RESULTS

Inhibition of HeLa and Chinese Hamster Ovary Cell Growth by
Aphidicolin: The growth of HeLa cells in the presence of various concentrations of aphidicolin was measured for a 24-hour period. { c}«-thymidine (lyCi) , 14 { c}-uridine UuC) or 14 {c}-leucine (2uO for 10 min at 37°. The reaction was terminated and the acid insoluble radioactivity determined as previously described (25) . The rate of incorporation of radioactivity into acid-insoluble material during each time interval is represented as the midpoint of the pulse. The percent incorporation is expressed relative to controls in which incorporation of 14 {c}-thymidine (•) , 14 {c}-uridine (A), or l4 i C}-leucine (0) was 700, 2,000 and 3,000 cpm/ ml, respectively during a 10-min pulse without the drug. FIfUIRE T (B) Effect of Aphidicolin on Thymidine Uptake: HeLa cells (3xl0 5 cells) were resuspended in lml MEM, and various concentrations of drug were added as previously described (9) . The cells ivere kept at 37°f or 60 min. Two \iC of 3 (H)-thymidine (5 mCi/mmole) was added and the mixture was incubated at 37° for an additional 15 min. Cold Earle's solution was added at the end of the incubation period and the cells were washed twice with the same solution; 0.5ml of water was added, followed by 0.5ml of 20% TCA. The tubes were kept at 4° in an ice bath for 15*, and centrifuged at 2000 rpm for 10'. The supernatant was transferred to scintillation vials and the precipitate was resuspended in 5% TCA, filtered through a Millipore filter and the radioactivity in the precipitate (•-• ) and supernatant (0-0) was determined. M aphidicolin and another aliquot was left without drug. After 60 min of incubation at 37°, the cells were centrifuged at l,000xg for 5 min, resuspended in 0.5ml of 0.15M NaCI, layered onto an alkaline sucrose density gradient and centrifuged in an SW27.1 Beckman rotor at 24,000 RPM for 16 hrs as previously described (8) . A third aliquot was treated with 10~5M camptothecin. DNA sedimenting faster than 60S appeared at the bottom of the gradient. 5 cells,rtnl were infected and compared to a duplicate uninfected HeLa cell culture. After 18 hrs of infection, aphidicolin at the indicated concentrations plus 0.05yCi of 14 {c}-thymidine were added to one ml aliquots of infected or uninfected HeLa cells. After incubation at 37° for 1 hr, acid insoluble radioactivity was determined in each aliquot. Ad2 nuclear extracts from HeLa cells infected for 18 hrs were prepared by extraction of nuclei with 150mM ammonium sulfate as described by Kaplan et al (5) . The soluble extract was freed from the nuclear matrix and host chromosomal DNA by centrifugation at 7,000 x g for 20 min. The in vitro reaction mixture (52iil) contained 20mM Tris-HCl (pH 7.5), l OmM DTT, lOmM MgCl2, 2.6mM ATP, 0.125mM each of dATP, dCTP, dGTP, 3yM 3 (H) dTTP (3.6xlO 4 cpm/pmol) and lOpl of infected nuclear extract. Ad DNA synthesis was measured after 1 hr at 30° as previously described (5) . DNA synthesis (100%)in uninfected HeLa cells was 9180 cpm; in Ad2 infected HeLa cells was 3690 cpm; in Ad2 nuclear extracts was 2 pmol. aphidicolon on the activity of the three eukaryotic DNA polymerases (a , 6 and y) and on DNA polymerases I and III from E^_ coli were measured either on nicked salmon sperm (NSS) DNA or on poly(rA)"oligo(dT) as described in MATERIALS S METHODS, a DNA polymerase assayed on NSS was inhibited 50% by drug concentrations of 3x10"^, and greater than 90% by 10 M. The JE^ coli DNA polymerases I and III on NSS were completely resistant to inhibition at both of these concentrations. The activity of the y DNA polymerase which is optimal on poly(rA)-oligo(dT) in the presence of l OOmM NaCl also was completely resistant to the antibiotic. The B DNA FIGURE IV. Effect of Aphidicolin on the DNA Polymerases: The o, B andy DNA polymerases were measured for 30 min at 30° using the conditions described in the MATERIALS and METHODS, a DNA polymerase activity was measured using Method A. P DNA polymerase activity was measured using Method A either on NSS DNA (A-A) or Method B on poly CrA) -oligo(dT) (A-A) both in the presence of l OOmM NaCl. y DNA polymerase was measured using Method B plus l OOmM NaCl. The effect of various concentrations of aphidicolin on these reactions was determined. 100% activity for each DNA polymerase was 38.6 pmol for 0.067yg a; 117 pmol for 0.87yg B on poly(rA)-oligo(dT);22.7 pmol for 1.31ug B on NSS; 24.7 pmol for 0.471yg y.
polymerase is unique among the 5 enzymes in that it has significant activity on both of the templates used; activity on poly(rA)-oligo(dT) and on NSS, which are optimal with the addition of l OOmM NaCl, were both unaffected by aphidicolin. However, there was 30% inhibition of the g DNA polymerase on NSS by 10 4 M aphidicolin if the assay was done without added NaCl (final concentration approximately 8mM NaCl). Thus aphidicolin significantly inhibits only the a DNA polymerase from HeLa cells but may have a small effect on the 8 DNA polymerase under selected conditions. Kinetics of Inhibition of Alpha DNA Polymerase by Aphidicolin: The kinetics of a DNA polymerase inhibition by aphidicolin was measured by the addition of several concentrations of drug to a DNA polymerase reactions already in progress. Reaction mixtures containing a DNA polymerase were incubated for 5 min at 30° and then divided into 3 aliquots. Aphidicolin (7 .5x10^%) was added to one reaction mixture? lO^^M drug was added to another and DMSO (1%) which was the drug diluent was added to the control. Aliquots from each reaction were removed at various times during the subsequent 30 min and acid precipitable radioactivity measured. The reaction was done on NSS DNA as described in Method A (MATERIAL and METHODS) with 0.067yg of a DNA polymerase in each assay. The specific activity of the 3 (H) TTP was 7,700 cpm/pmol. does not involve any detectable breakage of the primer-template DNA, alteration of nucleoside uptake by the cell or inhibition of thymidine kinase (2) . a DNA polymerase has been proposed (11) (12) (13) (14) as the enzyme responsible for intracellular chromosome replication. This is based on (15) (16) (17) (18) (19) . The amount of 6 DNA polymerase in these complexes is very small and perhaps a contaminant.
Recent experiments in this and other laboratories have shown that dideoxythymidine triphosphate, a TTP analog, inhibits the y DNA polymerase more readily than the other eukaryotic polymerases and is also a potent inhibitor of adenovirus but not host DNA synthesis (20) (21) (22) . The mechanism of this selective inhibition is not readily apparent. If the results of studies on isolated DNA polymerases can be applied to physiologic replication complexes, the results would suggest that there is a need for both the a and y DNA polymerases for the replication of Ad DNA. The mechanism of Ad DNA replication includes a strikingly asymetric synthesis for each of the strands of this duplex DNA (23) . The first strand replicates by a displacement reaction (Type I) in which a single strand is displaced by an asymetrically growing replication fork from an origin at either end of the linear DNA. The displaced single strand is subsequently replicated from an origin at the opposite end of the molecule (Type II) so that each strand replicates continuously from a 5' end. If one polymerase were responsible for the displacement reaction and another for the replication on the single strand, the need for two polymerases might be explained. In the Ad nuclear extract system which does not initiate new strands but elongates both Type I and II molecules (27) , a specific inhibitor of one polymerase might be expected to decrease replication by no more than 50%. However, the inhibition by either aphidicolin or dideoxythymidine triphosphate can reach 90% which suggests that both enzymes are coordinately needed in a single complex for the An interaction of aphidicolin with the a DNA polymerase is suggested by the observation that the inhibition seems to be determined by the nature of the polymerase rather than the primer-template DNA. The structure of aphidicolin shows very few regions that are coplanar, which is a prerequisite for a DNA intercalating agent. The small amount of inhibition of the B DNA polymerase on NSS DNA in the absence of added NaCl may be explained either on the basis of some a DNA polymerase contaminant or by a configurational change of the (3 enzyme which makes it resistant to drug at lOOmM NaCl.
a DNA polymerase catalyzed two reactions with DNA. In addition to the incorporation of nucleotides into DNA, this enzyme fraction catalyzed an exchange reaction between PPi and deoxynucleotide triphosphates. Since aphidicolin blocked both of these reactions catalyzed by a DNA polymerase, it suggests that the drug acts on this polymerase at a step prior to translocation. In contrast, neither polymerization or pyrophosphate exchange catalyzed by E^ coli DNA polymerase I was inhibited by drug. These observations add further evidence that the specificity of inhibition by aphidicolin is a result of drug interaction with the enzyme rather than with the DNA.
We recently have detected an additional DNA polymerase activity in He La cell nuclei which is inhibited by aphidicolin. This activity copurified with the a enzyme through
Step IV (Table I) 
